Introduction
The overall efficiency of a centrifugal compressor is equally dependent on the good design of both impeller and diffuser. In the case of an impeller, the inlet flow is uniform; however, the diffuser must accept the outlet flow from the impeller, which is usually highly nonuniform with significant three-dimensional velocity components. The diffuser must remove these nonuniformities in velocity and flow direction while reducing the overall kinetic energy of the flow to produce a pressure recovery.
The flow at the exit of a centrifugal impeller has been measured by many authors (e.g., Eckardt, 1975; Johnson and Moore, 1983a, b; Krain, 1988) . The flow invariably exhibits a jet-wake flow pattern, although the location of the wake position may be on the suction surface or the shroud depending on the impeller geometry and flow rate. The flow within vaneless diffusers has also been studied by many researchers (e.g., Inoue and Cumpsty, 1984; Maksoud and Johnson, 1987; Mounts and Brasz, 1992) . These studies have shown how nonuniformities in the circumferential direction mix out rapidly, but those in the axial direction persist through the diffuser.
The objective of the current work was to repeat the work of Maksoud and Johnson (1987) but with a backswept impeller in place of their radial impeller. The resolution capability of the instrumentation system was also improved such that the' number of points used on each measurement plane could be increased from less than 100 to around 700.
Experimental Procedure
Test Rig and Operating Condition. Experiments were carried out on the low-speed centrifugal compressor rig at the Contributed by the International Gas Turbine Institute and presented at the 38th International Gas Turbine and Aeroengine Congress and Exposition, Cincinnati, Ohio, May 24-27, 1993. Manuscript received at ASME Headquarters February 19, 1993. Paper No. 93-GT-95. Associate Technical Editor: H. Lukas.
University of Liverpool. A schematic of the facility is shown in Fig. 1 . The De Havilland Ghost impeller has been modified by replacing the original radial exit section of the blading by 30 deg backswept blading. The geometry of the original impeller is given by Johnson and Moore (1980) and that of the backswept blading in Fig. 2 . The vaneless diffuser has straight walls and a constant cross-sectional area. The major geometric parameters, operating conditions, and measurement locations are given in Table 1 .
Instrumentation and Measurement Technique
A constant-temperature hot-wire anemometer was used to measure the instantaneous velocity within the diffuser. Three wire orientations were used on three separate test runs to pro-vide data from which the radial, axial, and tangential velocity components could be computed. A normal wire (Dantec 55P11) oriented in the circumferential direction was used during the first run and then a second wire set at 45 deg (Dantec 55P12) was used in its two possible orientations in the axial/radial plane, in the second and third runs. This choice of mutually perpendicular wire orientations ensured that the sign of the axial velocity component could be determined, which would not have been possible if the simplest orientation of wires in the circumferential, radial, and axial direction had been utilized. It was however necessary to assume that the radial velocity component was always positive and that the tangential velocity component was always in the direction of impeller rotation. The results showed that these assumptions were justified in that both velocity components maintained significant magnitudes at all measurement positions.
Hot-wire calibration was performed in two stages in a wind tunnel. First, a velocity/voltage calibration was performed for 1, _j each wire with the wire perpendicular to the flow direction. A least rms error curve fitting technique to the King's law equation
(1) was then employed to determine the calibration coefficients A, B, and C.
The second stage of calibration was necessary to determine the directional coefficients K and //to tangential and binormal velocity components. This was achieved by varying the wire Transactions of the ASME orientation at fixed wind tunnel speed. The coefficients K and H were also obtained through a least rms error technique. The calibration procedure is similar to that detailed by Jemgensen (1971) . Phase lock loop circuitry was employed on the rig to generate a pulse every one third of a degree of rotation of the impeller to trigger the collection of the instantaneous hot-wire anemometer voltage through a 12 bit A/D converter connected to an 80286 microcomputer. On each revolution 57 readings were taken at 1/3 deg intervals to span the chosen impeller passage. These readings were recorded on each of 250 consecutive revolutions. This required a peak data acquisition rate of 9 kHz, which was achieved by means of 80286 machine code software. Between 11 and 13 axialmeasurement positions were used to complete the mesh of data points covering each measurement plane.
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Transactions of the ASME Analysis of Results. The 250 readings obtained for each measurement point on each of the three test runs were used to compute the tangential, radial, and axial velocity components and the turbulent kinetic energy using the King's law calibrations and the directional coefficients K and H, As a check on the accuracy of the results, the flow rate was determined through numerical integration of the radial velocity component. The maximum deviation in flow rate between stations was found to be 4.8 percent from the mean.
Experimental Results
Mean Velocities. The mean velocities on the eight measurement planes in the diffuser are presented in Figs. 3-10 . The radial velocity component is presented as a contour and the remaining velocity component in the measurement plane is shown as an arrow.
The flow pattern at Station 1 (Fig. 3) , which is 12 mm downstream of the impeller, is similar to that observed at the last station within the impeller as reported by Farge and John- son (1990). Strong secondary flows in the impeller strip boundary layer fluid from the walls and carry it to the suction side shroud corner region where it accumulates in a passage wake. At the exit of the impeller this passage wake is located close to the center of the shroud wall and is moving toward the pressure side wall. In Fig. 3 , the passage wake is on the shroud wall, and has moved close to the pressure side of the passage. Another feature of the impeller flow reported by Farge and Johnson (1990) and also by Krain (1988) in his backswept impeller is the presence of a strong anticlockwise passage vortex. This feature is also depicted in Fig. 3 as opposing axial flow vectors in the pressure side and suction side halves of the passage. The axial flow in the shroud to hub direction is particularly strong within the blade wake (0.95<y/y o <l). In addition to these features observed in the impeller, a blade wake can also be seen on the right-hand side of the diagram. The velocity decreases by up to 53 percent within this wake. When the flow at station 2 (Fig. 4) is considered, it can be seen that the blade wake has been swept to the right by the strong tangential velocity component, such that the blade wake observed in Fig.  3 leaves the right-hand side of the diagram while the blade wake from the adjacent blade enters on the left-hand side. The deficit in velocity in the blade wake is also greatly diminished, indicating rapid mixing out in this region. This can be attributed to the strong opposed secondary velocity components that exist either side of the blade wake, which will greatly increase the shearing of the wake flow. The passage wake has been carried along the shroud by the tangential velocity, while altering little in size. However, the wake's shape has been mod- ified as the low-energy fluid has spread farther along the shroud surface. Mixing out of the passage wake has not been significantly enhanced here by the interaction between the flow from neighboring passages; however, this is probably not the case in radial impellers running at below design flow rates where the passage wake is on the suction side blade surface at the impeller exit (see Johnson and Moore, 1983b) . The strength of the passage vortex has diminished, which is primarily because the driving forces that produce secondary flow cease on exit from the impeller such that the passage vortex decays rapidly due to viscous dissipation. At station 3 (Fig. 5) , the blade wake is barely discernible at y/y o = 0.2, but has continued to migrate in the pressure side to suction side direction. The passage wake has also continued to move in this same direction across the shroud. It is interesting to note that the wake moves in this direction more rapidly than the high-velocity jet (located at y/y o = 0.5, z/z" = 0.3). This is because the jet had a much higher relative tangential velocity than the wake in the impeller, which led to a lower absolute tangential velocity in the diffuser. The associated difference in flow angle (tan"' (u s /u r )) between jet and wake is marked and is of particular significance in the design of vaned diffusers where a compensatory variation in the vane angle across the span would be beneficial in minimizing flow separation. As the flow progresses through stations 4 to 8, variations in the blade to blade direction are gradually mixed out, and the passage wake eventually spreads out to cover the wake, which has now largely mixed out. The kinetic energy levels in the passage wake have only decreased a little from station 1 as might be expected as the wake has not significantly decreased in size. As the flow passes through the remaining stations (Figs. 17-22) , the kinetic energy level in the passage wake decreases about threefold. The authors believe that this is not due to a significant decrease in the meandering of the wake in the tangential direction, but is due to the rapid decrease in the nonuniformities in this direction. This results in low fluctuating velocities as tangential movement of the passage wake does not result in significant variation in the velocity at any measurement point. whole of the shroud surface fairly evenly. The hub wall boundary layer also develops slowly and although it is still thinner than the shroud boundary layer at station 8 (Fig. 10) , the flow is tending toward a fully developed Couette flow between the two walls of the diffuser. A significant tangential velocity component still exists at station 8, but its magnitude is only some 30 percent of the value at station 1. 
Turbulent Kinetic
where u g , u r , u z are the tangential, radial, and axial rms fluctuating velocity components and U T is the peripheral blade velocity at the impeller outlet. High levels of turbulent kinetic energy occur not only in regions of mixing, but also in regions of unsteady flow where the fluctuations are of low frequency and do not result in significant Reynolds stresses. At station 1 (Fig. 15) , similarly high levels of turbulent kinetic energy are observed in the blade and passage wakes. The rapid mixing out of the blade wake suggests that high Reynolds stresses are associated with the kinetic energy in the blade wake. However, in the passage wake the relatively slow mixing out rate suggests that only low Reynolds stress levels are present and the high levels of kinetic energy are due to low-frequency meandering of the wake position. This type of behavior has also been suggested by Hathaway et al. (1993) and is most likely due to low-frequency variations in flow rate, which will cause significant variations in wake position (Farge and Johnson, 1992) . At station 2 (Fig. 16 ) the levels of kinetic energy are significantly decreased in the blade
Conclusions
1 The flow entering the diffuser closely resembles that reported previously leaving the impeller. The most prominent features of the flow are a passage wake close to the center of the shroud wall and a strong anticlockwise passage vortex.
2 A strong blade wake is observed at station 1, but mixes out very rapidly because of the shearing effect of the opposed secondary flows either side of the wake. High levels of measured turbulent kinetic energy are associated with this process.
3 The passage wake mixes out only slowly. Although high levels of turbulent kinetic energy are observed within the passage wake, they are believed to result from low-frequency meandering of the wake position rather than high levels of Reynolds stress.
4 The passage vortex, characteristic of backswept centrifugal impeller flows, carries over to the diffuser, but decays fairly rapidly in the absence of the secondary flow mechanisms present in the impeller.
5 As the flow progresses through the impeller, variations in the tangential direction mix out, but variations in the axial direction tend to persist. The flow eventually resembles a Couette flow between the walls of the diffuser. The authors are to be thanked for providing detailed measurements in a vaneless diffuser following a backswept impeller, which can be compared with those obtained earlier behind a radial vaned impeller. I would, however, like to raise a few points relating to the interpretation of the results.
In interpreting measurements it seems to be popular to identify and name features, such as the passage vortex in the y~z plane inside or"at outlet from a radial impeller. I rather doubt that this is very helpful. Vorticity certainly exists, but that is not the same as a having a feature adequately described as a vortex. For comparison with Fig. 3 of the present paper, what is indisputably a clear vortex is shown here in Fig. 23 . This was measured by Storer (1991) and occurred downstream of an axial compressor blade when there was a tip clearance equal to 2 percent of chord; in this case there is no doubt that the term vortex is appropriate and helpful.
A crucial property of a recognizable vortex is its persistence, yet it is pointed out here that the so-called vortex decays rapidly between stations 1 and 2, a radial distance of only 6 percent of impeller outlet radius. This hardly seems consistent with viscous dissipation, to which it is attributed in the text. I would suggest that the axial velocities evident at station 1 are the result of the growth of blockage (i.e., what is referred to in the paper as the passage wake) and movement of the blockage between stations 1 and 2, rather than from a well-formed vortex. Once the amount of blockage has started to change more slowly, as it has from station 2 onward, the axial velocities are less. In other words the principal controlling feature of the flow seen in these y-z planes is the consequence of mass conservation and not the consequence of convection and decay of circulation in this plane.
The rapid decay of the blade wake is explained in the paper in terms of secondary flows; see conclusion 2. I find this implausible. It seems more likely to me that the rapid decay is a result of a process similar to that which Dean and Senoo (1960) addressed, namely the result of very different flow inclinations in the absolute frame of reference for the wake and main flow. The large gradients in flow direction across the blade wake are very evident in Fig. 11 .
Finally I wonder if the authors underestimate the inaccuracy Whittle Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 ODY, United Kingdom. Transactions of the ASME
